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Photoluminescence quantum yields of amorphous and crystalline silicon nanoparticles
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While nanocrystalline silicon is known to be an efficient optical emitter, there have been few and sometimes
contradictory reports of emission from amorphous silicon nanoparticles. This paper presents a study of the
optical properties of amorphous and crystalline silicon nanoparticles synthesized by a nonthermal plasma
reactor. By tuning the power delivered to the reactor, the particle structure was adjusted from amorphous to
crystalline without otherwise changing the particle properties, such as nanoparticle size, in a significant man-
ner. Two different kinds of surface passivation of nanoparticles are studied: the surface functionalization with
organic ligands in a scheme known as hydrosilylation and the passivation with a native surface oxide. We
observe a clear trend of the photoluminescence quantum yield increasing with the increasing degree of crys-
tallinity of samples with largely amorphous samples, exhibiting almost no luminescence. Measurements sug-
gest that the upper bound for the quantum yield of amorphous nanoparticles is 2%, while the quantum yield of

silicon nanocrystals is routinely found to exceed 40%.
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I. INTRODUCTION

Since the first observation of efficient photoluminescence
(PL) from nanoscale silicon,'? this topic has attracted con-
siderable attention due to the potentially high PL efficiencies
that can be achieved over a broad spectral range from silicon
nanocrystals (NCs). As an indirect band-gap semiconductor,
bulk silicon is an inefficient optical emitter and absorber.
However, it is now widely accepted that the optical proper-
ties of nanoscale crystalline silicon are considerably im-
proved due to a combination of two effects: the enhanced
overlap of electron and hole wave functions in quantum-
confined silicon leading to faster recombination® and the re-
duction in the rate of nonradiative events.*

There have been a number of reports that have demon-
strated that nanocrystalline silicon can achieve photolumi-
nescence quantum Yyields rivaling those of direct band-gap
semiconductors. An important measure of the optical quality
of silicon nanocrystals is the quantum yield (QY) for photo-
luminescence defined as the number of photons emitted di-
vided by the number of exciting photons absorbed. While
silicon nanocrystals passivated by native oxide layers typi-
cally have PL QYs of up to about 10%, there have been
limited reports of even higher quantum yields of up to 30%.’
High QYs were also found for the silicon nanocrystals em-
bedded in high-quality thermal oxides.® The surface func-
tionalization with organic monolayers is another proven way
to achieve high-efficiency PL from silicon nanocrystals.”8 In
Refs. 9 and 10, we reported QYs as high as 70% for
ensembles of nonthermal plasma produced silicon
nanocrystals!" whose surfaces were treated with 1-dodecene
under careful avoidance of oxygen. Moreover, in single-
quantum dot experiments, PL QYs as high as 88% were ob-
served for individual quantum dots.!2 However, these studies
also found an often large difference between the QYs of
individual particles and nanocrystal ensembles, whose QY's
were found to be on the order of just a few percent due to the
large fraction of “dark,” i.e., nonemitting, particles.

Significantly fewer reports have addressed optical emis-
sions from amorphous silicon nanoclusters. Several
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PACS number(s): 78.67.Bf, 78.30.Am

groups'3-17 have reported photoluminescence from amor-
phous silicon nanoparticles embedded in solid-state matrices.
In the work by Park et al.,'®!” several sizes of amorphous
silicon nanoparticles were produced in SiO,. Size-tunable
photoluminescence from these amorphous particles was re-
ported ranging from blue to red. The blueshift of photolumi-
nescence energy upon shrinkage of particle size indicated
that quantum confinement effects may be seen in amorphous
nanoscale silicon. In the paper by Molinari et al.,'® it was
suggested that the PL from amorphous silicon nanoclusters
in SiO, and Si3;N, matrices is due to quantum confinement
but that the emission intensity and efficiency are lower than
those for nanocrystalline particles because of the higher
number of nonradiative recombination centers in amorphous
clusters. This group proposes that well-passivated crystalline
silicon nanoparticles will have much more intense PL due to
fewer of these defects. Work presented in Refs. 19 and 20
arrives at similar conclusions. While luminescence could be
observed from amorphous nanoparticles (a-NPs), the Tumi-
nescence from crystalline particles was found to be more
efficient.

Previous studies of the emission of amorphous silicon
nanoparticles have been limited to clusters embedded in di-
electric matrices such as SiO, and SizN,. In such systems, it
is often difficult to distinguish between intrinsic limitations
of the material itself and extrinsic limitations caused by the
presence of the interface with the surrounding matrix. It is
also difficult to perform absolute measurements of the pho-
toluminescence quantum yield. In fact, such measurements
have not been reported to date; hence, it is difficult to quan-
tify what the reports of “efficient luminescence” from amor-
phous nanoparticles actually mean.

In this paper, we will study the PL efficiency of free-
standing silicon a-NPs compared to those of free-standing
silicon NCs. The use of free-standing nanoparticles sus-
pended in colloidal solution enables the absolute measure-
ment of the photoluminescence quantum yield, which is rou-
tinely reported in the nanocrystal literature, and which we
had previously established for silicon nanocrystals.>!? Mea-
surements of the absolute QY will enable us to quantify the
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luminescence efficiency of amorphous silicon particles. The
use of free-standing silicon particles also enables the same
careful passivation of the amorphous nanoparticle surfaces
that provided ensemble QYs as high as 70% for silicon
nanocrystals®!? and may allow conclusions about the intrin-
sic luminescent potential of amorphous silicon nanoclusters.
The particle structure is varied between amorphous and
crystalline by adjusting the power delivered to the plasma.
We study silicon particles with surfaces functionalized both
with organic monolayers and a native oxide layer. Results of
absolute QY measurements for ensembles of amorphous and
crystalline free-standing silicon nanoparticles are reported.

II. EXPERIMENTAL

We synthesized silicon nanoparticles in a nonthermal low-
pressure plasma reactor, as described previously.!! The
quartz reactor has a 10-mm-outer diameter reaction area,
where the radiofrequency electrode is placed, which then ex-
pands to 25-mm-outer diameter before exiting to the collec-
tion filter and pump. The size of the particles is controlled by
adjusting the flow rate of argon gas through the reactor tube
between 25 and 100 sccm (standard cubic centimeters per
minute). Silane gas (5% in helium) was flown at 13.8 sccm
and hydrogen gas was injected at 100 sccm in the 25 mm
expansion region of the reactor tube. When the argon flow
rate was greater than 50 sccm, 2 sccm of additional hydrogen
was added to the reactant gas mixture. To change the crys-
tallinity of the particles, we adjust the 13.56 MHz radiofre-
quency input power to the reactor between 25 and 100 W.
Crystalline and amorphous particles of four sizes were syn-
thesized from 3 to 5 nm in diameter. Following synthesis,
some of the amorphous and crystalline particle samples of
several sizes were surface processed with a 5:1 mixture of
mesitylene and 1-dodecene in a liquid-phase thermal hy-
drosilylation reaction'® to render them stable in nonpolar sol-
vent dispersions and to help protect the nanoparticles from
oxidation. For a sample of 5 nm NCs, the hydrosilylation
procedure yields a clear colloidal dispersion of particles by
the end of a 2 to 3 h refluxing period at 205-215 °C. This
reaction time is fairly consistent for NCs. Reaction time in-
creases with decreasing particle size, but even the smallest
NCs examined in this study reacted with the 1-dodecene to
form a clear colloid. While, due to steric hindrance of the
ligand molecules, it is not expected that more than 30% to
40% of the silicon NC surface sites are functionalized with
ligand molecules,”! we showed in Ref. 22 that this procedure
yields colloids of individually dispersed Si NCs. We also
found that the remaining surface sites are covered with hy-
drogen from the plasma reaction. In this study we found that
a-NPs require longer reaction times before a clear solution is
obtained. In fact, for the smallest a-NPs, a clear colloidal
dispersion is never achieved. This hints at a different surface
structure of the a-NPs compared to NCs, which was not fur-
ther examined in the present study.

To examine the effects of oxidation on the particle photo-
luminescence, several samples of each phase were dispersed
while still bare (unfunctionalized) and were allowed to oxi-
dize naturally due to contact with air in the environment. The
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PL from these samples was measured periodically. The par-
ticle samples were characterized in the University of Minne-
sota Materials Characterization Facility, using an FEI Tecnai
T-12 transmission electron microscope (TEM) for TEM im-
ages, a Bruker-AXS Microdiffractometer for x-ray diffrac-
tion (XRD) spectra, and a confocal Raman microscope
(Witec alpha300 R confocal Raman microscope with
UHTS300 spectrometer and DV401 charge-coupled device)
for Raman vibrational spectroscopy. The photoluminescence
quantum yield of the nanoparticles was measured at room
temperature using a light-emitting diode (LED) excitation
source at 390-400 nm, an integrating sphere, and a
USB2000 spectrometer (Ocean Optics, Inc.). The procedure
for measuring quantum yields is described in detail in
Ref. 10.

III. RESULTS
A. Nanoparticle structural characterization

An increase in plasma power generally leads to increasing
crystallinity of the nanoparticle samples. In Ref. 23, we
showed that nanoparticles immersed in a plasma get strongly
heated to temperatures several hundreds of Kelvin beyond
the gas temperature through exothermic surface reactions,
including electron-ion recombination and hydrogen-induced
surface reactions. An increase in plasma power leads to in-
creasing densities of the species involved in these surface
reactions including electrons, ions, and atomic hydrogen
radicals. Hence, increasing the plasma power leads to a sig-
nificant increase in the particle heating, which we expect to
cause the transition from a-NPs to NCs with increasing
power.

To verify the changing crystallinity of the nanoparticles,
we synthesized several samples under the same flow and
pressure parameters, with varying input powers. XRD pat-
terns clearly show an increase in silicon particle crystallinity
as we increase synthesis power (see Fig. 1).

We took Raman vibrational spectra to corroborate this
conclusion and the emergence of a peak near 520 cm™!, cor-
responding to crystalline silicon, demonstrates the increase
in crystallinity with increasing power (see Fig. 2). It should
be noted that a quantitative determination of the crystal frac-
tion from Raman spectra is not straightforward, as the trans-
verse optical peak near 520 cm™! can be strongly asymmet-
ric due the presence of strain and of a particle size
distribution.?* The XRD and Raman spectroscopy data
shown here are consistent with the data found in the struc-
tural characterization of NCs by other authors.>>?

We also performed TEM studies to characterize both the
size and microstructure of produced samples (see Fig. 3).
The bright-field TEM images in Figs. 3(a) and 3(b) demon-
strate that the produced particles are highly monodisperse.
The a-NPs and NCs have approximately the same size. It is
obvious that NCs have more well-defined spherical shapes,
while the shapes of a-NPs are slightly more irregular. The
selected-area electron-diffraction (SAED) pattern shows
bright diffraction rings attributable to a polycrystalline
sample in the high-power case [Fig. 3(b)], while the SAED
pattern from the low-power sample shows only a diffuse
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FIG. 1. (Color online) X-ray diffraction spectra for samples of
varying synthesis powers. Peaks typical of silicon nanocrystallites
are visible in all except the lowest-power sample.

glow, indicative of amorphous material [Fig. 3(a)]. Further-
more, well-defined bright areas of the dark-field image from
the high-power sample further illustrate the crystallinity of
the NCs [Fig. 3(d)]. In the low-power sample, the dark-field
image shows no crystal definition [Fig. 3(c)].

B. Photoluminescence quantum yields

We recorded and analyzed the photoluminescence spec-
trum of each liquid sample of surface-functionalized silicon
particles to obtain the sample’s ensemble quantum yield.
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FIG. 2. (Color online) Raman spectra of silicon particle
samples. The top spectrum is from a sample made at 85 W power,
with synthesis power decreasing to 25 W as the spectra descend.
The sharp peak near ~520 cm™, indicative of nanocrystallites, first
appears for the 40 W sample, and becomes more prominent with
increasing power.
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FIG. 3. Transmission electron images of silicon samples: (a) and
(b) are bright-field images of a-NPs and NCs, respectively, with
selected-area electron-diffraction patterns inset. (c) and (d) are dark-
field images of a-NPs and NCs.

These measurements were taken with the NCs and a-NPs
dispersed in the functionalizing mixture of 5:1 mesitylene:1-
dodecene. With decreasing input power and, thus, decreasing
particle crystallinity, the quantum yields decreased as well.
In fact, the QYs from the samples of a-NPs were so low as to
be hardly measurable using our instrument. Figure 4(a) dis-
plays a plot of PL QYs as a function of input power. All
samples in this plot were synthesized with argon flow rates
between 20-40 sccm. At high synthesis powers, high-
efficiency photoluminescence of the NCs prevails; while at
powers below 50 W, the samples do not exhibit the same
high-efficiency photoluminescence. Samples generated with
powers between 50-70 W show clear crystalline features in
their XRD and Raman spectra. However, PL QYs for
samples made at these powers vary from very low to mod-
erately high, despite clear evidence that the samples have a
measurable nanocrystalline fraction. The only samples for
which we see consistently high-efficiency PL are those made
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FIG. 4. (Color online) (a) Photoluminescence quantum yields of
nanoparticle samples and (b) PL spectrum comparison between 85
and 25 W samples.
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FIG. 5. (Color online) PL quantum yields of nanoparticle samples measured over time. The samples were unfunctionalized and allowed
to oxidize, which acts to increase the quantum yields of crystalline samples (85 and 55 W) but has little pronounced effect on the amorphous

sample. (a) Quantum yield; (b) peak PL wavelength.

at powers of 85 W or greater. A direct comparison of the
photoluminescence spectra for NCs (85 W) and a-NPs (25
W) of the same size is shown in Fig. 4(b). The PL from the
a-NP sample is clearly significantly weaker than PL from the
NC sample. This behavior was consistently found for all
sizes of the samples studied.

It is important to note that the system variability contrib-
utes significantly to the degree of sample-to-sample variabil-
ity seen in Fig. 4(a). Each sample preparation requires partial
disassembly and reassembly of the plasma reactor, which
may cause slight changes in electrode position and other mi-
nor adjustments. We found that these lead to changes in the
plasma conditions between samples which at the transition
from the a-NP to the NC regime can lead to changes in the
crystallinity for samples prepared at the same power. This
likely explains why samples produced at 40 W show only
very low quantum yield, yet the 40 W sample prepared for
Raman (Fig. 2) and XRD (Fig. 1) diagnostic showed slight
signatures for crystallinity. It likely also explains the strong
sample-to-sample variation for the higher-power samples.

It is difficult to determine precisely whether the weak
emission observed from low-power samples is indeed due to
emission from a-NPs or caused by a very small and hard to
detect fraction of NCs. For instance, if a-NPs were nonemit-
ting, a fraction of 1% of nanocrystals with an intrinsic QY of
45% would be interpreted as a sample with an ensemble
quantum yield of 0.45%, a value which is consistent with the
values observed in our measurements [see Fig. 4(a)]. A crys-
talline fraction of a few percent in an otherwise amorphous
sample would be difficult to detect with XRD or Raman
scattering. However, the emission spectra in Fig. 4(b) sug-
gest that the emission observed from the low-power sample
may indeed originate from a small fraction of NCs in an
otherwise amorphous sample. The emission of the a-NP
sample produced at 25 W occurs at roughly the same emis-
sion wavelength as the emission of the NC sample produced
at 85 W. While TEM observations suggest that the particle
sizes for both samples are the same, the emission of silicon
NCs and a-NPs is not necessarily expected to occur at the
same wavelengths. As suggested by Park et al.,'® the emis-
sion energy of quantum-confined amorphous silicon nano-
clusters is expected to follow the relation:

E(eV)=1.56 +2.4/d°, (1)

with a as the nanoparticle diameter. Hence, even for large
a-NPs, emission should not be expected at wavelengths
larger than ~790 nm (i.e., 1.56 eV). However, it is clearly
observed from the a-NP sample in Fig. 4(b). This suggests
that the emission observed from the a-NP sample is from a
small fraction of NCs that is too small to be observed with
XRD or Raman.

While the classification of samples as “amorphous” is ob-
viously not entirely unambiguous, the measurements pre-
sented here allow us to place an upper bound on the absolute
QY of a-NPs in that no sample that we characterized as
amorphous has shown a QY larger 2%. Hence, we can es-
tablish 2% as the upper bound for the absolute QY of free-
standing silicon a-NPs with hydrosilylated surfaces, which is
considerably lower than the QY's of ~50% observed for NCs
with the same surface treatment.

C. Oxidation experiments

Hydrosilylation is one mechanism of passivating dangling
bonds at the nanoparticle surface?’ through the organic
ligands and surface hydrogen and, thus, increasing ensemble
quantum yields of the NCs, while a-NPs show PL with very
low QY. However, many of the reports of PL from silicon
a-NPs were based on particles embedded in a matrix of sili-
con nitride or silicon dioxide. To emulate these conditions,
we allowed some samples to oxidize in order to study the PL
of particles when coated in an oxide shell. The formation of
a native oxide shell on silicon nanocrystals is known to lead
to an increase in the PL QY since the native oxide removes
nonradiative surface states.’

We synthesized samples at 25, 55, and 85 W then dis-
persed the samples in chloroform and allowed them to oxi-
dize via exposing the samples to air. As time progressed, we
measured the quantum yields of these samples periodically
[see Fig. 5(a)].

The samples made at 85 W initially had low PL efficiency,
which increased in time as the particles oxidized. The growth
of the oxide layer passivates the surface defects, leaving the
NC core intact and able to emit efficiently. The samples also
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showed a blueshift in emission energy, in accordance with a
shrinking nanocrystalline core [Fig. 5(b)], as the quantum-
confined exciton energy is size dependent.?® While the rate of
emission blueshift was rapid in the early stages of oxidation,
over a period of several months, this rate slowed to near
zero. This blueshift was present in all samples prepared at
different power levels. The sample prepared at 55 W shows a
lower QY than the sample at 85 W, consistent with the likely
lower crystalline fraction of this sample.

The 25 W sample characterized as amorphous consis-
tently displayed low QY despite experiencing the same oxi-
dation conditions as the 85 W sample. Hence, the free-
standing a-NPs, even after surface oxidation do not exhibit
high-efficiency PL as was reported in other work.!>?° Again,
it is not possible to determine whether the weak PL of this
sample originates from the oxidized a-NPs or from a very
small fraction of NCs that remain undetectable by Raman
scattering and XRD. However, the fact that the luminescence
spectrum shows comparable blueshift of the peak PL as the
highly crystalline 85 W sample suggests that emission in fact
originates from a small fraction of NCs in the 25W sample.
As above, while this measurement is not entirely unambigu-
ous, we can use it to define an upper bound for the absolute
PL QY of oxidized a-NPs of about 2%. This is significantly
less efficient than the QY of oxidized Si NCs, which ranges
as high as ~45%—a number consistent with observations in
earlier studies.’

It is likely that the properties of the oxide used in Refs. 15
and 29 are different from the native oxide formed at room
temperature in our work. Hence, it is difficult to draw direct
comparisons to those studies. However, for the free-standing
silicon a-NPs produced in this work high-efficiency PL was
not observed. The upper bound for the absolute PL QY was
found to be ~2% regardless of surface functionalization.
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IV. CONCLUSIONS

In this paper, we studied the photoluminescence efficiency
of free-standing silicon NCs and a-NPs. The crystallinity of
silicon nanoparticles made in a nonthermal plasma reactor
may be tuned simply by adjusting the input synthesis power.
For our specific experimental setup, at powers greater than
55 W, samples with high crystallinity are obtained, whereas
powers lower than 55 W yield primarily a-NPs. The surfaces
of Si NCs and a-NPs were treated with two different surface
functionalizations: the assembly of organic alkene monolay-
ers through hydrosilylation and the coating of the surfaces
through native oxide formation. Regardless of surface func-
tionalization, the a-NPs synthesized in the plasma reactor do
not exhibit high-efficiency photoluminescence, while NCs
produced routinely exhibit PL QYs greater than 40%. All
a-NP samples showed PL QY <2%. This result defines an
upper bound for the absolute QY of the free-standing silicon
a-NPs studied in this work. However, as the a-NP PL was
found to be much weaker but similar in wavelength and tem-
poral evolution to that of the silicon NC samples, we suggest
that the a-NP sample PL in fact originates from a small frac-
tion of NCs that is not detected by XRD or Raman scatter-
ing. This would imply that the intrinsic absolute QY of sili-
con a-NPs is in fact even smaller than the 2% defined as
upper bound.
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